INTRODUCTION
In metabolic acidosis in some mammals, including man, homeostasis is maintained by a several-fold increase in the ability of the kidney to excrete hydrogen ions as the ammonium complex. The increased ammonium excretion is derived mainly from increased renal production from glutamine by the following reaction:
L-glutamine amidohydrolase L-glutamine glutamate + NH3 (The evidence for these statements has been extensively reviewed. See 1, 2.) Glutaminase (L-glutamine amidohydrolase, EC 3.5.1.2) is an intramitochondrial enzyme, found in the inner membrane or matrix fraction (3, 4) and thus this reaction is also intramitochondrial. Glutaminase consists of two isoenzymes, one phosphatedependent (PDG) 1 and the other phosphate-independent (PIG) (5) . PDG is probably more important than PIG in this reaction, at least in the rat, since its level in kidney is about 10 times greater than PIG (5) and it is the only one of the two in which increased levels have been demonstrated in association with the increased renal ammonia production of acidosis (6) . There is also an extramitochondrial glutaminase system (glutamine-keto acid transaminase, to amidase), but this is thought not to play an important role in this situation (7, 8) .
Because of the intramitochondrial location of glutaminase and of the enzymes responsible for metabolism of glutamate, knowledge of the properties and functions of mitochondria from renal cortex, as they affect glutamine, is essential in attempting to understand regulation of renal ammoniagenesis. Mitochondria consist of an outer space surrounded by an outer membrane and an inner or matrix space surrounded by an inner membrane. The outer membrane is freely permeable to small ions 'Abbreviations used in this paper: DON, 6-diazo-5-oxo-L norleucine; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid; PCMB, p-chloromercuribenzoate; PDG, phosphate-dependent glutaminase; PIG, phosphateindependent glutaminase.
The Journal of Clinical Investigation Volume 54 July 1974 [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] and molecules. In contrast, the inner membrane is passively impermeable to most ions and to uncharged molecules such as sucrose and iiannitol. The enzymes of the citric acid cycle and related processes are either located in the matrix space or attached to the inner membrane (9) . For substrates in the cytoplasm to reach these enzymes, they must penetrate the inner mitochondrial membrane, and-a number of group-specific active transport systems exist in this membrane which convey substrates such as a-ketoglutarate, glutamate, and citrate from the outer space across the inner membrane into the matrix space. (For review article, see ref. 10) .
The intramitochondrial location of PDG is not precisely known, but it is either attached to the inner membrane or situated in the matrix space (3, 4) . Therefore it is possible that glutamine, like many other substrates, is transported across the inner membrane by a specific carrier. If so, the rate of transport by the carrier might regulate the rate of delivery of glutamine to glutaminase and hence control the rate of ammoniagenesis. The increase in ammonia production in metabolic acidosis might result from an adaptation of this carrier system resulting in more rapid delivery of glutamine to glutaminase. This paper describes experiments designed to evaluate these possibilities. The results indicate that a carrier for glutamine does exist in the inner membrane and that an adaptive increase in the capacity of this carrier is probably the factor primarily responsible for the increased ammonia production in metabolic acidosis. METHODS 
General

Experimental
For measurement of glutamine uptake, the medium contained (unless otherwise stated) 1 mM L-[U-"C]glutamine, 130 mM KCI, 20 mM HEPES, pH 7.4, 0.5 mM MgSO4, 1 mM Na arsenite, and 1 /jg/ml rotenone (the latter two constituents inhibit metabolism after glutamate formation).
[`H]mannitol was added to measure concurrently the outer space of the mitochondria. Parallel experiments were run with tritiated water and [14C] sucrose to determine the relationship of outer space to total mitochondrial water and thus allow derivation of the inner water space (13 ). This slow centrifugation was sufficient to transfer the mitochondria from the cap into the medium without causing them to penetrate the silicone layer. The incubation was terminated at set times by further centrifugation at full speed leading to rapid separation of the mitochondria from the medium and quenching in the acid layer. This method is an adaptation of one previously described (14) and unless otherwise stated was the method used in the experiments in this paper.
Pellet. The mitochondria (20 (15) . ["C]glutamine was recovered in a 5-ml water wash and after another 5-ml water wash, which was discarded, the ["C] glutamate was eluted from the column with 10 ml 0.1 N formic acid. Recovery of labeled compounds in these fractions in control experiments was 97%±+1.6 (n= 10) for ["C]glutamine and over 90% for ["C]glutamate, with less than 5% cross-contamination of the water by the acid fraction and less than 1% cross-contamination of acid by the water fraction. A linear rate of ammonia production by intact mitochondria was obtained by incubating them for 3-10 min at 37°C in a medium similar to that used for the ["C] glutamine uptake experiments, except that the mitochondrial protein concentration was only 0.4-0.8 mg/ml and 2 mg/ml of fatty acid-poor albumin and 1 mM oxaloacetate 3 were present in the medium. The reaction was terminated by the addition of HC1O4 and then neutralized immediately with KOH. PDG levels were determined by measuring ammonia production under optimal conditions with borate extracts of lyophilised mitochondria (8) .
Oxygen consumption was measured in mitochondria with a Clark-type oxygen electrode (Yellow Springs Instruments Co., Yellow Springs, Ohio) with a medium containing 10 mM malate, 10 mM pyruvate, 135 mM ;sucrose, 58 mM KCl, 1.3 mM KH2PO4, 8.7 mM K2HPO4, 5 mM MgSO4, and 5 mg bovine serum albumin, pH 7.4.
Chemical measurements
Ammonia was measured by the alkaline phenate method after separation from the remaining glutamine by column chromatography (16) . Plasma bicarbonate was measured by a titrametric method (17) , sodium and potassium by internal standard flame photometry, and protein was determined by the biuret method (18) glutamine in water (glass vials) and added to 14 ml of scintillation fluid (toluene 1,000 ml, Triton X-100 333 ml, 2,5-diphenyloxazole 6 g, bis-2-(4-methyl-5-phenyloxazoyl) benzene 0.5 g). Efficiency of counting was assessed by automatic external standardization and did not vary by more than 10%.
Calculations
The volume of the mitochondrial water was calculated for each mitochondrial incubation preparation from the known specific activity in disintegrations per From the known specific activity of glutamine in the medium and from the measured outer space in each sample, the number of "C disintegrations per minute in the outer space was calculated. (We assumed that the outer space was filled with medium by simple diffusion.) This quantity was subtracted from the total "C radioactivity measured in the mitochondrial extract to give the total "4C radioactivity present in the matrix space. The ratio of total 14C radioactivity per microliter of matrix space to the "4C concentration in the medium is defined as the matrix 14C uptake. 
Materials
RESULTS
Mitochondrial spaces and oxygen consumption. By the silicone layer method, the matrix space, that is the sucrose-impermeable space, averaged 25%-of the total water space and was approximately 0.8 il/mg of mitochondrial protein. The spaces were no different in the control or acidotic rats (Table I) . Matrix space measurements with the pellet method gave results similar to those obtained with the silicone layer method (Table  I ). The differences in outer space volumes as determined by the silicone layer and pellet methods were the result of the presence of a larger amount of adherent medium in mitochondria separated by the silicone layer technique. Oxygen consumption and ADP: 0 ratios in control and acidotic animals are shown in Table II . No significant differences between the two groups were present in these measurements. In addition, neither control nor acidotic mitochondria metabolized externally added NADH. These results show that the mitochondria used in these experiments had characteristics usually found in mitochondrial preparations of good quality (12) . They also show that the mitochondria from control and acidotic animals were comparable in their ability to perform oxidative phosphorylation and in the relative sizes of the matrix and total water spaces.
Distribution of ["C]glutamine and formation of ["C]glutamate in kidney mitochondria. In preliminary experiments, we found that mitochondria incubated with ["C]glutamine took up and concentrated radioactivity in the matrix space. On analysis of the constituents of this uptake, we found that nearly all of the "C in the matrix space could be accounted for as ["C]glutamate, and that we could not demonstrate any ["C]glutamine within the matrix space. Experiments were then carried out under a variety of conditions to document and extend these findings.
Mitochondria from control rats were incubated for 60 s in 1 mM glutamine medium either at room temperature (21-24°C) or at 4°C and in 10 mM glutamine at room temperature. In none of these situations did the amount of ['C]glutamine present in the mitochondrial pellet exceed the quantity calculated to be present in the mitochondrial outer space by simple diffusion (Table III) .
In further attempts to demonstrate glutamine within the matrix space by inhibiting glutamine deamidation, we used several compounds reported to be inhibitors of extracted glutaminase. However, the effect of these substances on glutamine deamidation by intact mitochondria did not always correspond to that predicted from the effect on the solubilized enzyme (Table IV) . Thus borate, reported to inhibit glutaminase (20) , stimulated matrix "C uptake and mitochondrial ammonia production. 6-diazo-5-oxo-L norleucine (DON) and azaserine, analogs of glutamine that strongly inhibit glutamine metabolism under some circumstances (21) , had little effect in intact kidney mitochondria on glutamine uptake or deamidation, even when present in concentrations ten times greater than that of glutamine. On the other hand, p-chloromercuribenzoate (PCMB), a competitive inhibitor of glutaminase I (22) , along with mersalyl (another organomercurial) completely inhibited matrix "C uptake and glutamine deamidation at concentration of 5 X 10V M. Despite the absence of glutamine deamidation in the presence of PCMB or mersalyl, no glutamine was present in the matrix space (Table IV) .
The absence of any glutamine within the matrix space is unexpected and is of considerable significance in interpreting these results, so that the magnitude of the Crrfqs ipyoglyed in these measurements needs to be con- ing from metabolism of glutamine during transit through the silicone oil layer. This problem was encountered in mitochondria incubated at room temperature in 1 mM glutamine, in which the glutamine space was less than the outer space volume, especially in acidotic mitochondria (Table III) . Three methods were used to diminish glutamine utilization during separation: low temperature, presence of PCMB or mersalyl, and use of the more rapid Millipore separation method. In none of these did the amount of glutamine exceed that present in the outer space, even though glutamate formation virtually ceased at low temperature and in the presence of inhibitors. These results do not exclude the possibility of the presence of glutamine in the matrix space at a concentration of less than 0.1 mM when a medium concentration of 1 mM was used.
[14C]Glutamine metabolism in chronic acidosis. Fig.  1 shows the time-depe'ndent uptake of "C (to 60 s) into the matrix space of renal mitochondria obtained from control and acidotic rats and incubated with 1 mM L-["C] glutamine. We observed a fourfold increase in steady-state concentration in the acidotic group (matrix "C uptake: control 1.93±0.17, n = 28; acidotic 7.7 +0.65, n = 23; P < 0.0005). In these samples from acidotic rats, as in control rats, there was no detectable glutamine within the matrix space and most of the remaining counts represented ["C]glutamate accumulation in the matrix space (Table III) (unidentified "C was 13%±2.8, n = 10). Compared to control mitochondria, ["C]glutamate in the matrix space was four times greater in acidotic mitochondria, and this was true with different methods of incubation and separation (Table III) . The endogenous pool of glutamate, measured by an enzymatic fluorometric method (23) , was always less than 0.5 mM/liter of matrix space in mitochondria obtained from either control or acidotic rats.
The ["C]glutamate content of the medium was also measured at room temperature, with I mM [14C] glutamine as substrate. In six control experiments, the medium glutamate was 0.008±0.002 mM and in chronic acidosis, it was 0.016±0.003 mM, or less than 0.5% of the concentration found in the matrix space of these mitochondria. Because the concentration of glutamate in the medium was so low compared to that in the matrix space, we did not correct the matrix glutamate concentration for the negligible quantity of ["C]-glutamate present in the outer space.
Chronic acidosis induced a sixfold increase in extracted glutaminase levels (specific activity at 37°C, control 0.2±0.01 U/mg, it n 25; acidotic 1.240.18, n = 13).
Glutamine nwitabolism aftcr 3 h of acidosis. There was no increase in PDG levels extracted from the renal mitochondria of rats killed 3 h after the induction of acidosis compared to controls (specific activity at 370C, control 0.198±0.01 U/mg, acidotic 0.200±0.039, P > 0.4 or paired t P > 0.3 ) (Fig. 2) , a finding in agreement with that of other investigators (24, 25) . However, these mitochondria showed a significant increase in matrix "C uptake (Fig. 2 ) from 1.9±0.14 in the controls to 2.6±0.2 in the acidotic group. This difference is significant at the P < 0.01 level, when the data are analyzed on a group basis, or at the P < 0.0005 level, when analyzed as paired data. The average percent difference between the matrix "C uptake in the control and 3-h acidotic preparations was 39±3.8%; while this difference is much less than the 400% increase seen with chronic acidosis, it was consistently present and was found in every one of 25 experiments. In six experiments, mitochondrial [14C] glutamate was determined in control and 3-h acidotic animals by the Millipore separation method. In the controls, the concentration of glutamate in the matrix space was 1. "C uptake was measured at 1 min and as described in Fig. 1 . +0.26 mM compared with 2.5+0.11 mM in the shortterm acidotic group; the difference between groups is significant at the P < 0.01 level. The mitochondria from the 3-h acidotic rats had a lesser, but still highly significant, increase in mitochondrial ammonia production (control 34±0.7 nM NH3/mg per min, acidotic 40±+1.3, P <0.01 or on a paired basis an increased uptake of 17%+3.7, paired t test P < 0.0005) (Fig. 2) .
Comparison of acute NH4CI loading with acute Na and K depletion by furosemide. The 3-h urinary excretion of Na and K after an overnight fast followed by a water, NH4Cl, or furosemide load is illustrated in Fig. 3 . Furosemide produced a greater natriuresis and similar kaliuresis to NH4Cl loading. However, unlike NH4CI, furosemide caused no change in 'C uptake The matrix "C uptake in mitochondria from control and chronically acidotic rats when incubated in the same medium used in Fig. 1 , except that instead of glutamine, it contained either 1 mM ["C] glutamate, a-ketoglutarate, or acetate.
in kidney mitochondria incubated in 1 mM [14C]glutamine (furosemide group "C uptake/control group C uptake = 1.04±0.04, n = 8, paired t, P> 0.2). Specificity of adaptation in substrate uptake in chronic acidosis. Mitochondria from control or chronic acidotic rats were incubated for 60 s in media containing either 1 mM ["C]glutamine, glutamate, a-ketoglutarate, or acetate. Only with glutamine was there an increased steady-state level of "C. With acetate, there was no difference in uptake of "C (paired t, P > 0.3), and with glutamate and a-ketoglutarate there was a decreased "C level in the chronic acidotic group (degree of decreased "C uptake in acidotic group, glutamate 47%+±8.6, paired t test, P < 0.0005; a-ketoglutarate 15%+6.1, paired t test, P < 0.05) (Fig. 4) . DISCUSSION These results confirm previous reports describing the rapid metabolism of glutamine by mitochondria from kidney and they show that ["C]glutamate formed from labeled glutamine is concentrated in the matrix space (26) (27) (28) . For such glutamate formation to occur, glutamine must penetrate the inner mitochondrial membrane and reach the site of glutaminase. We may then ask what the nature of the mechanism enabling glutamine to penetrate the inner membrane is. Is it a passive or carrier-mediated process? If a carrier is involved, what role does it play in regulating the rate of glutamine metabolism?
A surprising finding in this series of experiments is the observation that ["C] glutamine, as such, is not detectable in the matrix space even though the method is sensitive enough to detect a glutamine concentration less than 10% of that present in the medium.' In contrast, most other substrates for matrix space enzymes such as citrate, malate, or a-ketoglutarate are concentrated in the matrix space to levels considerably in excess of those present in the medium (10) . Lack of demonstrable glutamine in the matrix space might result from a combination of relatively slow passive diffusion of glutamine across the inner membrane, followed by 'Our results concerning the distribution of glutamine in rat kidney mitochondria are at variance with recent results reported for pig kidney mitochondria by Crompton and Chappell, who found labeled glutamine in the matrix space after incubation of mitochondria containing ["C]glutamine and ["C]glutamate (28) . However, using medium identical to that described by these authors, we could not demonstrate glutamine in the matrix space of rat kidney mitochondria either at room temperature or at 40C (unpublished observation). This difference may represent a species difference or may be the result of differences in technique. These authors also suggest the existence of a coupled glutamine/glutamate exchange in kidney mitochondria. Our results, while compatible with this postulated mechanism provide evidence neither for nor against it. rapid conversion to glutamate by glutaminase. If this were the case, then inhibition of glutamate formation would allow passive entry of glutamine into the matrix until it reached an equilibrium concentration readily measured by our methods. Since we failed to detect glutamine in the matrix when glutamate formation was inhibited by low temperature or mersalyl or PCMB, none of which would have an appreciable effect on passive diffusion, this mode of transport is eliminated as a means by which glutamine crosses the inner membrane. Consequently, we must postulate that a carrier mechanism is involved in the translocation of glutamine at this site.
There are two distinct types of carrier processes that might be involved in the transport of glutamine: the inner membrane carrier might transport and release glutamine molecules into the matrix space, where they are then available to glutaminase for deamidation, or a close coupling might exist between the carrier and glutaminase so that, in the course of transit across the inner membrane, glutamine is deamidated, resulting in the release of glutamate but not glutamine into the matrix space. The results of the present experiments do not permit us to choose between these two possibilities and either could be correct. Whichever is correct, we can draw certain similar conclusions about the role of transport in regulating glutamine metabolism.
In the first of the above possibilities, in which glutamine is transported across the inner membrane and released as such into the matrix space before being deamidated, the transport process resembles in form those described for other mitochondrial substrates (10) . In this case, since we are unable to detect glutamine in the matrix space, despite widely differing rates of glutamate formation under different experimental conditions, it must be that all the available glutamine is deamidated by glutaminase immediately upon entering the matrix space and hence the transport process is the rate-limiting step in glutamine deamidation. The clearest evidence of this conclusion comes from the experiments in which the concentration of glutamine in the medium was increased from 1 -to 10 mM; the rate of glutamate formation rose only threefold with this tenfold increase in substrate concentration, but no glutamine was detectable in the matrix space. If the activity of glutaminase was rate-limiting in this situation, then glutamine should have been found in the matrix space. Since it was not, transport rather than deamidation must have been the slower process. Activity of the gltitaminase reaction in the presence of a very low matrix space glutamine level (that is, one which we could not detect) cannot be excluded. The activity of this enzyme, undamaged and unaltered by separation from mitochondria, is unknown, as is its affinity for glutamine (published Km values do not necessarily reflect those of the enzyme in intact mitochondria) and in addition the reaction proceeds virtually irreversibly to glutamate formation (20) .
Thus, regardless of whether glutamine is released as such into the matrix space or whether it is deamidated in the inner membrane, our results indicate that the rate of movement of glutamine across the membrane is the rate-limiting step in ammoniagenesis. Consequently, any process that stimulates glutamine utilization by mitochondria must stimulate the uptake of glutamine by its inner membrane carrier.
Physiologically, the most important situation in which ammonia production from glutamine is increased is chronic metabolic acidosis. The primary mechanism responsible for this change is so far unexplained. Although renal glutaminase levels are increased in the rat (29, 30) , this alteration only occurs some hours after increased ammonia production develops (24, 25) . In addition, simultaneous administration of actinomycin D with an acid load prevents the development of increased glutaminase levels but not the increased ammonia production in the rat (31) . In the dog, there is no increase in glutaminase levels, despite large increases in ammonia production in acidosis (32, 33) . Thus there is considerable evidence that a rise in glutaminase in acidosis is not a primary or essential cause of the increased ammonia production from glutamine. Since the renal glutamate levels are decreased in acidosis in the rat (34, 35) and since glutamate is an end product inhibitor of glutaminase (34) , others have postulated that removal of glutamate by, for example, increased gluconeogenesis would decrease end-product inhibition of glutaminase and stimulate ammonia production (34, 36) . However evidence against this hypothesis has been presented (37) (38) (39) and the results of the present study, in which a higher glutamate content was present in the acidotic mitochondria, show clearly that the stimulus to glutamine utilization precedes glutamate formation. (The fact that tissue glutamate levels are decreased in acidosis but that our results show increased intramitochondrial glutamate concentration in acidosis need not represent a contradiction. In general, extrapolation of tissue levels to those existing within mitochondria is not warranted; a decrease in level of a metabolite in the cytoplasm could mask a much greater increase in concentration in the mitochondrial matrix space because of the large volume difference between cytoplasm and matrix.)
The results obtained in the experiments reported here need to be considered in relation to the two possibilities discussed earlier in this section, that the carrier and glutaminase are a single entity or that a glutamine carrier distinct from glutaminase exists in the inner membrane. If glutaminase both transports and metabo-lizes glutamine, the increased "C levels that we find in the matrix space of mitochondria from acidotic animals might result solely from the accompanying increase in activity in acidosis. However after only 3 h of acidosis, before any increase in the level of extracted glutaminase, there is a significant increase in the uptake of "C from ["C]glutamine and in ammonia production. While this finding does not exclude the possibility that glutaminase, in intact mitochondria, is activated early in acidosis by a mechanism not evident on assay of the extracted enzyme, it does show that increased transport of glutamine occurs in acidosis before demonstrable change in glutaminase activity. If the carrier and enzyme are separate entities, in which the carrier is rate-limiting, it is clear that the increase in glutaminase levels in chronic acidosis can result in increased ammonia production only if there is a concomitant increase in glutamine delivery to the enzyme. The evidence from the short-duration acidosis experiments suggests that such an adaptation of the glutamine carrier precedes that of the enzyme.
The adaptation in substrate transport is specific for glutamine, since it was not observed with glutamate, aketoglutarate, or acetate. The slight decrease in the matrix concentrations of the two substrates actively transported across the inner membrane (a-ketoglutarate and glutamate) in the acidotic group is so far unexplained.
Potassium depletion, like acidosis, is known to stimulate renal ammonia production and to increase glutaminase levels in the rat (40, 41) ; the possibility exists that it is not the acidosis but concurrent potassium depletion, or even volume depletion, which produces the changes observed in these studies. However, in the 3-h acidotic rats, the potassium loss was negligible (less than 3% of total body potassium) and a similar degree of potassium loss and a greater degree of volume depletion produced by furosemide induced no change in ["C]glutamine transport. Thus metabolic acidosis per se appears to be responsible for stimulating the changes in mitochondrial glutamine metabolism.
In conclusion, there are two possible explanations for our results: First, glutamine is transported across the inner mitochondrial membrane by a specific carrier system with deamidation by glutaminase while crossing the membrane or immediately upon entering the matrix space. In this situation, the rate of transport is the controlling factor in glutamine utilization and in acidosis there is an adaptive increase in glutamine transport. The increased delivery of substrate to glutaminase enzyme then results in increased ammonia production. Second, glutamine is transported across the inner mitochondrial membrane by glutaminase, which also deamidates the glutamine. In the -early stages of acidosis there is an increased activation of this reaction by some process not observed on assay of the extracted enzyme; in chronic acidosis, the increased levels of glutaminase provide both increased transport and deamidation. Whichever of the above applies, our general conclusion is that transport of glutamine across the mitochondrial inner membrane occurs by a specific carrier, which may or may not be glutaminase. This step is the ratecontrolling factor in glutamine metabolism. In acidosis, an adaptation specific for the glutamine carrier is responsible for increased deamidation of this amino acid.
